Background and aims Di-nitrogen (N 2 )-fixing plants are absent in the pioneer stages of glacial forefields in the European Alps despite low amounts of nitrogen (N) in the soil. We aimed to evaluate whether symbiotic N 2 -fixation is needed to meet the N demand of plants during the early stages of soil formation, and how phosphorus (P) availability affects plant establishment. Methods We measured total and available N and P in soil and N and P in the vegetation along the 137 year chronosequence in front of the Damma glacier (Switzerland). 
Introduction
Glaciers in the European Alps have been withdrawing since the Little ice age ended in 1850, creating chronosequences that can be used to study soil formation and vegetation succession (Matthews 1992) . Just after a glacier has withdrawn, the rocky 'soil' lacks practically any organic material, and therefore nitrogen (N), whereas phosphorus (P) is present mainly as apatite (Matthews 1992) . Total N in the soil usually increases exponentially during the first 100 years after deglaciation, after which it reaches a plateau (Chapin et al. 1994; Jacobson and Birks 1980; Matthews 1992; Walker 1993) . In contrast, total P usually declines with soil development as a result of weathering processes (Menge et al. 2012; Walker and Syers 1976) . This increase in N and decrease in P means that the factor limiting plant growth may shift after several hundred to many thousands of years from N to P (Chapin et al. 1994; Wardle et al. 2004) .
Some studies have shown that over the first 100 years after deglaciation N available to plants increases (Chapin et al. 1994) , but other studies have found a decrease, or no pattern at all (Fitter and Parsons 1986; Jacobson and Birks 1980; Kohls et al. 2003) . Similarly, plant available P has been reported to increase, decrease, or remain constant over the first 100 years of soil development (Darmody et al. 2005; Matthews 1992 ). Some of these differences between studies can be attributed to differences in climate, parent material, or to the methods used such as fertilization experiments and plant tissue nutrient concentration. Furthermore, to our knowledge, studies tracking changes in N and P availability during the growing season are still limited. (Chapin et al. 1994; Darmody et al. 2005; Fitter and Parsons 1986; Jacobson and Birks 1980; Kohls et al. 2003; Matthews 1992) . Measuring these variations is important as nutrient availability and competition for nutrients change during the season as shown for alpine meadows (Jaeger et al. 1999) .
The build-up of total N during soil development has often been ascribed to N input from symbiotic and asymbiotic N 2 -fixation (Chapin et al. 1994; Luken and Fonda 1983; Matthews 1992) . N 2 -fixing plants (symbionts) were consistently found to be dominant at recently deglaciated sites in some well-studied glacier forefields, such as Glacier Bay, Alaska (Chapin et al. 1994) , Franz Joseph Glacier, New Zealand (Menge and Hedin 2009) , and Santa Ines Island, Magellan Straits (Pérez et al. 2014 ). However, this appears not to be the case for the European Alps, where N 2 -fixing plants are usually absent from plant communities that are established during the first 30 years after deglaciation, and become significant parts of the vegetation only during later successional stages (Caccianiga and Andreis 2004; Cannone et al. 2008; Ellenberg 1996; Matthews 1992) . Göransson et al. (2014) suggested that this might be due to the deposition of N, which is funnelled into N-hotspots thereby removing the Nlimitation favouring non-N 2 -fixing plants. This raises the question of how N and P availability changes during primary succession in the European Alps, and whether N 2 -fixation is needed to fulfill the N requirement of plants during these young successional stages.
The overall aim of this study was to examine how the availability of N and P changes during early stages of soil development (7-137 years) at the Damma glacier forefield, Switzerland, and to relate this information to the nutritional status of the vegetation, and to the biomass of N 2 -fixing plants. Moreover, we aimed at evaluating whether symbiotic N 2 -fixation is required to meet the N demand of the vegetation along this gradient of soil development.
We measured total soil N and P pools as well as N and P adsorption rates to ion-exchange resin placed in situ, at 18 sites along a chronosequence during one growing season. These variables were linked to plant species composition, above ground biomass, and N and P concentrations of the vegetation. We expected that total N in soil, and N adsorption, to resin would increase with time since deglaciation, but that the successional time would be too short to find any changes in total P, or P adsorption to resin. Furthermore, we hypothesized that the abundance of N 2 -fixing plants would be negatively related to soil N availability.
Methods

Site description
The Damma glacier in the Swiss Alps has retreated by approximately 1000 m since the end of the Little ice age in 1850 (Gletscherberichte 1881 (Gletscherberichte -2002 (Fig. 1) . During this period the glacier re-advanced twice: once between 1911 and 1928, and once from 1972 to 1991. The location of the glacier front has been recorded yearly since 1911 and earlier movements could be extrapolated (Gletscherberichte 1881 (Gletscherberichte -2002 . Due to these movements, the forefield can be divided into three successional stages that were deglaciated at different times: (1) less than 16 years after deglaciation, (2) 57-80 years after deglaciation, and (3) more than 108 years after deglaciation.
The study was carried out at 21 sites on the chronosequence, ranging from 7 to 137 years after deglaciation. These sites of 4 m 2 were randomly selected in May 2007 from within each of the three stages of forefield development for the 'BigLink' project (Bernasconi et al. 2011) (Fig. 1) . The altitude of the experimental site is 2054 m at the front of the glacier, and 1920 m at 1 km from the ice, where the last sampling site is located. The bedrock in this area is Central Aar granite (Schaltegger 1990 In July 2008, samples of the aboveground vegetation were taken by clipping all plants at 2 cm above the soil surface from three 0.2 × 0.2 m squares at each site. If there was woody vegetation on the plot one square was also taken there. The samples were divided into woody plants, with leaves separated from the rest, and non-woody vegetation and dried at 40°C for 5 days. After grinding and Kjeldahl digestion, tissue N and P concentrations in non-woody vegetation was determined by flowinjection spectrometry (FIAStar, Foss Tecator, Höganäs, Sweden) . For each site, the proportion of area covered by vegetation and rocks was determined by analysing aerial photographs. These photographs were taken in 2008 from 4 m above the centre of the site, using a digital camera (Nikon D70, 18-70 mm) mounted on a pole covering an area of 25 m 2 . Classification of vegetation and rocks was based on colour separation using Adobe Photoshop CS3 software (version 10.0.1, extended for Mac) (Smittenberg et al. 2012) . To estimate annual foliar biomass production, the aboveground biomasses of non-woody plants, and the foliage biomass of woody plants (Salix sp., Rhododendron ferrugineum, and Alnus viridis) were summed. These values were extrapolated to the area of each experimental site using the coverage of bare soil, rocks, and vegetation (non-woody and woody plants) from aerial photographs taken at each site.
The aboveground biomass of Lotus alpinus was separately quantified in 2009 at all sites along the soil developmental gradient. Apart from Alnus viridis trees that were found at the at the oldest site, Lotus alpinus was the only N 2 -fixing species in the Damma glacier forefield, and hence its biomass represents that of the functional group 'N 2 -fixing plants' for the first 20 sites. At every site a 80 m transect parallel to the glacier front was established. All aboveground biomass of Lotus alpinus was harvested in five subplots along the transects. The sizes of these subplots were 4 m 2 closest to the glacier (site 1-9 being younger than 67 years), and 1 m 2 for the other sites. We used larger areas at the youngest sites to account for the greater heterogeneity of the vegetation.
Soil N and P fractions
Samples of the top soil (0-5 cm) were collected in September 2007 from each experimental site. The soil was sieved through a 2 mm sieve, air-dried, and ground to a fine powder (vibratory disc mill, Retsch), before analysis for N and P.
Total N was measured by dry combustion (CHNS-932, Leco). For total P measurement, 300 mg of ground soil (Retsch mixer mill 200 M, 30 Hz, 4 min) were incinerated at 550°C for 16 h. The ashed samples were then digested with 1 ml 65 % HNO 3 at 250°C for 2 min. Each digested sample was transferred into a volumetric flask, diluted to 25 ml with distilled water and homogenized by mixing (Welc et al. 2014 ). Extracts were filtered through 0.20 μm filters (Santorius), and total P was measured colorimetrically at λ = 610 nm (UV 1601 Spectrophotometer, Shimadzu) using malachite green (Fluka AG, Switzerland) as a colour agent (Ohno and Zibilske 1991) .
In situ resin N and P In June 2008 five bags containing ion-exchange resin were buried at 2.5 cm depth at the 18 sites that were not still covered by avalanche snow (Site: 1, 5 and 6). Before use, the resin in the bags (4 × 4 cm nylon mesh bags, 50 μm, with 2 g mixed resin Amberlite IRN150, Sigma Aldrich, Switzerland) was preconditioned by shaking vigorously in 2 M KCl for 2 h and then slowly rinsed in deionised water for 2 days. These bags were collected from the field in September 2008, after 110 days of incubation in the soil. In addition, five bags were buried at site 2 and 4 in the pioneer stage (<less than 16 years after deglaciation), site 9 and 12 in the intermediate stage (between 57 and 80 years after deglaciation) and site 17 and 19 in the old stage (108-137 years after deglaciation). After 37 days (in July 2008) these bags were collected and new bags were inserted at the same place. These bags which were replaced again after a further 36 days (in August 2008) and the last set of bags were collected after another 37 days together with the bags that had been in the soil all summer. The collected bags were kept frozen until extraction. To extract N and P, the bags were quickly rinsed in deionized water to remove adhering soil particles, and then shaken in 50 mL 1 M KCl for 2 h at room temperature. The bags were removed and the obtained solutions were kept frozen until analysis of NH 4 + , NO 3 − , and PO 4 3− by flow injection spectrometry (FIAStar, Foss Tecator, Höganäs, Sweden). Because the sum of ammonium-N and nitrate-N highly correlates with N mineralization it was used as a measure of N availability (Binkley et al. 1986; Giblin et al. 1994 ). In situ resin N:P ratio was calculated from the means of in situ resin N and P of each experimental site. To avoid nonsensical N:P ratios at the sites where no P could be detected (sites 8, 16, 20 and 21), the adsorbed P was set to the detection limit.
Statistics
Changes in total and extractable soil pools of N and P as well as vegetation biomass and cover along the soil development gradient (time since deglaciation) were analysed by means of regression. We also calculated linear regressions, i.e., vegetation N and P concentrations vs. resin N and resin P (incubated for 110 days), and vegetation N:P ratio vs. vegetation N and P concentrations. Differences in resin N and resin P among the three stages of the forefield were analysed by means of one-way ANOVA using the mean value of a given parameter for each site and time point. Variancestabilizing LN transformation of the data were applied when needed. The N deposition funnelled into the space in between the rocks was calculated as the N-deposition (kg ha
) × (100 / % area not covered by rocks). Calculations assumed an overall N-deposition rate of 10 kg ha
. All analyses were done with SPSS 21 for Mac (IBM, New York).
Results
Total and available N and P in soil
Total N in soil increased exponentially along the soil developmental gradient. (Fig. 2a) . The in situ resin N from bags incubated in the soil for 110 days was high in pioneer stage sites, and tended to decline (p = 0.06) towards the intermediate stage, and then increased again towards the end of the oldest stage of the developmental gradient (Fig. 2b) . The in situ resin N measured from bags incubated for 36-37 days was significantly higher in the pioneer stage sites than in the intermediate, and also in the old stages in June-July and July-August (Fig. 3) . In August-September, a similar but statistically insignificant trend was observed among the three developmental stages of the forefield. Neither total P (Fig. 2c) , nor in situ resin P (110 days) (Fig. 2d) , varied significantly along the chronosequence, but available P concentrations were below the detection limit at the two oldest sites (Fig. 2d , short incubation data not shown). The resulting N:P ratios of the resin bags buried for 110 days showed a similar pattern to the resin bag N, with the lowest N:P ratio in the intermediate part of the forefield (Quadratic fit p = 0.009, R 2 = 0.490 y = 0.024x 2 -2.596x +56.722) (Fig. 2e) .
Vegetation cover and plant nutrient concentrations
Vegetation cover increased linearly with soil development after deglaciation reaching almost 100 % cover at the oldest sites (Fig. 4a ) Aboveground biomass (excluding wood) increased exponentially along the successional gradient, with a tendency to level out in the oldest stage before site 21 (deglaciated 136 years ago), the site with Alnus viridis trees (Fig. 4b) . The coverage by rocks decreased with soil age after deglaciation from over 90 % to less than 10 % (Fig. 4a) . The N-deposition funnelled into the surface area between the stones, available for plant colonization, was much higher at the pioneer stage than at later stages (Fig. 5) .
The leguminous species Lotus alpinus was absent in the pioneer stage sites, and its biomass tended to increase along the soil developmental gradient (Fig. 4c) . The only other N 2 -fixing plant species, the tree Alnus viridis, occurred exclusively at the oldest site (site 21).
The concentration of N in the aboveground nonwoody biomass was positively correlated with in situ resin N (Fig. 6a) , but there was no equivalent relationship between P in the vegetation and in situ resin P (Fig. 6b ). The N:P ratio of non-woody above-ground biomass varied between 8.5 and 23.5 (Fig. 7a) . Differences in the N:P ratio of the vegetation were driven by P, as the N:P ratio was not correlated to the N concentration, but negatively correlated to the P concentration of the vegetation (Fig. 7b and c) .
Discussion
Nitrogen
Total N in the soil of the Damma glacier forefield increased exponentially during the first 137 years of soil development, as we expected based on data collected from other glacier forefields (Chapin et al. 1994; Jacobson and Birks 1980; Matthews 1992; Walker 1993) . However, there were setbacks behind each end moraine, probably caused by disturbances such as burial of sites with new C and N-free sediment, (partial) erosion, and reduction of standing biomass during the readvance of the glacier (Smittenberg et al. 2012 ) In situ resin N -which can be regarded as a measure of plant available N -showed a different pattern; it decreased from the pioneer stage of succession (first 16 years of soil development) to the intermediate stage of the successional gradient (60-80 years). The high availability of N in the pioneer stage implies that the input of N exceeds the uptake. Atmospheric deposition is the major input of N in this young soil, which is still low in organic matter due to poor development of the vegetation cover. The deposition was estimated to be approximately 5 to 10 kg ha −1 y −1 and was even higher in the 1980s (FOEN 2000; Graber et al. 1996; Göransson et al. 2014; Schöpp et al. 2003) . Other N sources, such as N 2 -fixation by free-living microbes at Damma appeared to be negligible (Brankatschk et al. 2010; Noll and Wellinger 2008) , and legumes or other symbiotic N 2 -fixing plants are absent at the pioneer stage. Göransson et al. (2014) showed that at the pioneer stage of the Damma glacier forefield N in rain is funnelled by the rocks into the areas where plants grow, resulting in 10 times higher available N concentration near rocks compared to further away. The higher concentration of N in close vicinity of rocks was mirrored in the N concentration of plants, which was higher in plants growing next to the rocks compared to those growing further away. Due to the deposition of glacial sediments, and accumulation of plant-originated organic matter, rocks are buried in the soil as the time proceeds (Smittenberg et al. 2012) (Fig. 8) . Therefore, the area of rocks above the surface decreased from almost 90 % on the young sites to only 10 % at the oldest (Fig. 4a) . The high area coverage by rocks at the pioneer sites increases the N deposition into the areas where plants grow up to 8 times as compared to the old sites (Fig. 5) . Hence, the high in situ resin N values at pioneer sites are due to funnelled rain, resulting in N levels that exceed the requirement for N of the plants sparsely colonizing these sites. Chapin (1993) suggested that favourable microsites are more common, and thus important for establishment at pioneer stages compared to later successional stages. Funnelling of rain can create such favourable microsites.
In situ resin N was particularly low in the intermediate part of the forefield in July-August (Fig. 3) , which is the time period of most intensive plant growth. The decreased N availability in the middle of the studied chronosequence is partly due to increased abundance of plants, and partly due to the decreased cover of rocks and an associated reduction of funnelled N per unit area suited for plant growth.
At approximately 120 years after deglaciation, in situ resin N increased again (Fig. 2b) . A higher availability of N after 120 years is likely to result from a combination of increased turnover of organic N (Tscherko et al. 2003) and a stabilization of vegetation biomass in the oldest part of the forefield. Consequently, during later successional stages N availability increases faster than N demand by the vegetation (Fig. 4b) . At the oldest site (137 years since deglaciation) the high N availability is likely due to the presence of the N 2 -fixing shrub, Alnus viridis.
Phosphorus
Total P and in situ resin P didn't show significant patterns along the developmental gradient. According to the theory of soil development, total soil P and available amounts of mineral P tend to decrease with time (Menge et al. 2012; Walker and Syers 1976; Wardle et al. 2004 ), but the Damma chronosequence is far too short to observe such decreases as the main P-containing mineral is slowly weathering fluorapatite (Bernasconi et al. 2011) . The absence of differences in in situ resin P along the forefield, and of a correlation between resin P and the P concentration in the vegetation, can be due to excessive P uptake by the vegetation, keeping the available amount of P in the soil low. The small variation in in situ P along the chronosequence as compared to in situ N results in a decreasing in situ resin N:P ratio from the pioneer to the intermediate stage, and increasing again in the older stage (Fig. 2e) . This suggests that the N limitation of the vegetation is strongest in the intermediate part, and that the vegetation might be more limited by P than by N in the youngest and oldest stages of soil development.
Nutrient limitation of the vegetation N:P ratios >19 in the aboveground vegetation indicate that plant growth was not only limited by N, but either co-limited by N and P or limited by P alone, at several sites and at all three stages of the Damma forefield ( Fig. 7a ; Olde Venterink et al. 2003) . Although plants might need relatively more N at high than at lower altitudes (Körner 1989) , also N:P ratios < 19 can indicate co-limitation by N and P, as observed for another alpine vegetation (Bowman 1994) . This suggests that the nutritional condition of the vegetation might fluctuate between N and P limitation, with several sites probably being co-limited. The negative correlation between the N:P ratio and the P concentration of the vegetation, and the lack of a similar correlation for N (6 b and c), suggests that the availability of P is regulating the N:P ratio of the plants. Consequently, a high N:P ratio is due to a low availability of P rather than a high availability of N. A similar pattern of N, P as well N-P co-limitation as indicated for plants was observed for bacteria of the Damma forefield. Göransson et al. (2011) found that bacterial growth in the Damma glacier forefield was generally more N than P limited, when C-limitation was removed, but that bacteria were more P than N limited at eight sites. These included two sites in the pioneer stage as well as the two oldest sites of the chronosequence where in situ resin-P was undetectable and in situ resin N was high.
N 2 -fixing plants
The changed balance between N demand and N availability from the pioneer to the intermediate stage might temporally turn the system more towards N limitation. This coincides with the establishment and growth of the N 2 -fixer Lotus alpinus, albeit in relatively modest proportions in the vegetation (cf. Fig. 4b, c) . In the pioneer stages symbiotic N 2 -fixing plants were absent, as is usual in the pioneer stages of glacial forefields in the Alps (Caccianiga and Andreis 2004; Cannone et al. 2008; Ellenberg 1996; Matthews 1992) . In areas with low N-deposition like Puca Glacier in the Andes, Glacier Bay, Alaska and Franz Josef Glacier, New Zealand (approximately 1 kg N ha
), N 2 -fixation is abundant in the pioneer stages of succession (Chapin et al. 1994; Menge and Hedin 2009; Schmidt et al. 2008 ). The lack of N 2 -fixing plants at many places in the European Alps might be related to the high N deposition, but also to a low P availability. A low P availability decreases the competitive ability of the N 2 -fixing plants, but may also directly decrease root infection with symbiotic microbes (bacteria and actinomycetes), or impair functioning of the symbiotic consortia (Augusto et al. 2013 ). This may have been the case at the Athabasca Glacier, Canada where the normally N 2 -fixing plant Dryas drummondii did not form nodules during the first 50 years after deglaciation (Kohls et al. 1994) . Based on the natural abundance of 15 N in Lotus alpinus in comparison to that in the reference plants Leucanthemopsis alpina, Agrostis gigantea and Leontodon sp., Ami (2010) estimated that more than 80 % of the N in Lotus alpinus at the Damma forefield could have been derived from N 2 -fixation in the Damma forefield. Nevertheless, due to the low biomass of this species on the forefield, the amount of fixed N 2 was only maximum 0.06 kg ha The high N availability in the pioneer stage that appears to create at least local P-limited conditions may affect the importance of functional aspects of plants. Species good at mobilizing mineral-P should have a competitive advantage in colonizing the sites. For example, Rumex scutatus, the second most common plant species, seems to be one of those species. At the Damma glacier forefield, Rumex scutatus was found to have higher amounts of organic acids in the rhizosphere than, for example, Agrostis gigantea (Görnasson, unpublished data). Göransson et al. (2014) found that Rumex scutatus had the same low N:P ratio (c. 11) in the leaves independent of whether it grew next to a funnelling stone or not. In contrast, Agrostis gigantea had a significantly higher N:P ratio (24) when growing next to stones than when in open spaces (N:P = 18). Thus, plants mobilizing P from mineral-derived sources, such as apatite, might be more important than N 2 -fixing species as pioneer plants, at least in the areas with granite /silicate bedrock which is a common lithology in the European Alps (Blume et al. 2015) . 
Conclusions
The results from this study suggest that, where the already high deposition rates are further enhanced by the funnelling of precipitation by rocks, N input from atmospheric deposition is the main source of N in primary succession in the European Alps (Göransson et al. 2014) . In combination with the low weathering rate and slow release of P from minerals upon weathering, this leads to P-or N-P co-limitation of the vegetation during early stages of succession. This is in contradiction to studies done in areas with low N-deposition. N 2 -fixation, which is considered in many textbooks as a main process contributing to accumulation of N in the system, plays only a minor role in primary succession in glacier forefields in the European Alps and seems to be less important for establishment and succession of the vegetation at the initial stage of its development. The importance of N deposition as N source at this young alpine sites implies that the critical N load from deposition for alpine habitats (5-15 kg N ha −1 y −1
; Bobbink et al. 2010) may have to be lowered for these developmental stages (see Göransson et al. 2014) .
